Metallic behavior of lightly-doped La 2 _a;Sr z Cu04 with "arc" of Fermi surface 
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Lightly-doped I^-^Sr^CuCU in the so-called "insulating" spin-glass phase has been studied by 
angle-resolved photoemission spectroscopy. We have observed that a "quasi-particle" (QP) peak 
crosses the Fermi level in the node direction of the d-wave superconducting gap, forming an "arc" 
of Fermi surface, which explains the metallic behavior at high temperatures of the lightly-doped 
materials. The QP spectral weight of the arc smoothly increases with hole doping, which we attribute 
to the n ~ x behavior of the carrier number in the underdoped and lightly-doped regions. 



PACS numbers: 74.25.Jb, 71.18.+y, 74.72.Dn, 79.60.-i 

How the electronic structure evolves with hole dop- 
ing from the Mott insulator to the metal/superconductor 
phase is believed to be a key issue to elucidate the mecha- 
nism of superconductivity in the high-T c cuprates. How- 
ever, the issue has remained controversial until now. In 
order to clarify the doping-induced changes of the elec- 
tronic properties, one has to understand the electronic 
properties in the vicinity of the Mott insulating state 
and hence the nature of the "insulating" spin-glass phase 
(or diagonal stripe phase 0) and the metal-insulator 
transition (MIT) at x ~ 0.06 separating this phase 
from the superconducting phase. Recent transport stud- 
ies on La2-.Sr.CuO4 (LSCO) have indicated metallic 
(dp/ dT > 0) behaviors at high temperatures in the spin- 
glass phase (0.02 < x < 0.06), even down to the ex- 
tremely light doping (x ~ 0.01) inside the antiferromag- 
netic "insulating" (AFI) phase (a; < 0.02) 0. In this 
doping region, the absolute value of the in-plane electri- 
cal resistivity is far above the Mott limit for metallic con- 
ductivity in two-dimensional metal, kyl -C 1, where hp 
is the Fermi wave number and I is the carrier mean-free 
path. These observations raise a question of the intrinsic 
nature of the "insulating" spin-glass phase and hence the 
intrinsic nature of the MIT at x ~ 0.06. 

In previous angle-resolved photoemission (ARPES) 
studies, underdoped LSCO has shown a "two- 
component" electronic structure around (n, 0), which 
manifests the evolution of in-gap states into the Mott 
insulator with hole doping The chemical potential 
pinning in the underdoped region also indicates the exis- 
tence of the in-gap states |^|. However, since the pseudo- 
gap around (ir, 0) increases with decreasing hole content, 
it has not been clear how the in-gap states exist and con- 
tribute to the transport properties of the lightly doped 
materials mentioned above. 

In this Letter, we have performed an ARPES study of 
lightly-doped LSCO in order to address those intriguing 



questions. The present results have revealed a weak but 
sharp "quasi-particle" (QP) peak crossing the chemical 
potential, i.e., the Fermi level (E-p), along the zone diago- 
nal k=(0,0)-(7r, 7r) direction and hence an "arc" of Fermi 
surface in this region. This indicates that the spin-glass 
phase is indeed a metal with a novel electronic struc- 
ture. Furthermore, we have found that, with increased 
doping, the QP peak intensity smoothly increases up to 
optimum doping. We propose that this behavior is as- 
sociated with the n ~ x behavior of the carrier number 
, which is one of the most peculiar properties of the 
high-T c cuprates. 

The ARPES measurements were carried out at 
BL10.0.1 of the Advanced Light Source, using incident 
photons of 55.5 eV. We used a SCIENTA SES-200 ana- 
lyzer with the total energy resolution of ~ 20 meV and 
the momentum resolutions of 0.027T in units of 1/a, where 
a = 3.8 A is the lattice constant. High-quality single 
crystals of LSCO were grown by the traveling-solvent 
floating-zone method. The T c of x = 0.07, 0.10, 0.15, 
0.18 and 0.22 samples were 14, 29, 41, 37 and 28 K, 
respectively, and x = 0.00, 0.03 and 0.05 samples were 
non-superconducting. The samples were cleaved in situ 
and measurements were performed at 20 K as in the pre- 
vious studies 0,0- This means that we have studied the 
"insulator" -to-superconductor transition as a function of 
x at the fixed low temperature. In the present measure- 
ments, the electric vector E of the incident photons lies 
within the Cu02 plane, rotated 45° from the Cu-0 direc- 
tion and is parallel to the Fermi surface segment around 
the diagonal region. Since the transition-matrix element 
is enhanced in the second Brillouin zone (BZ) with this 
measurement geometry || , the data in the present paper 
are all taken from the second BZ although we retain the 
notation of the first BZ for the sake of convenience. 

Figure ^ a an d b show energy distribution curves 
(EDC's) for the x = and 0.03 samples in the (0,0)-(tt, tt) 
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FIG. 1: ARPES spectra for LSCO with x=0 and x=0.03. 
Panels a and b are EDC's along the nodal direction (0,0)- 
(tv, 7t) in the second Brillouin zone (BZ). The spectra for x 
= 0.03 are plotted on an enlarged scale in panel c. Panels d 
and e represent energy dispersions deduced from the second 
derivative of the EDC's. (For detail, see text.) 



direction, i.e., in the nodal direction of the d-wave super- 
conductor, where the d-symmetry superconducting gap 
vanishes. The EDC's for x — show only one broad dis- 
persive feature at ~ -(0.4-0.6) eV arising from the lower 
Hubbard band, consistent with what has been observed 
in another parent insulator Ca2Cu02Cl2 In going 
from x—0 to £=0.03, the lower Hubbard band becomes a 
little broader and an additional sharp feature crossing Ep 
appears, indicating a metallic behavior (see the expanded 
plot in panel c). This "in-gap" state is reminiscent of the 
coherent part of the spectral function as predicted by 
dynamical mean field theory (DMFT) calculations 0. 

In order to highlight the energy dispersion of that 
sharp feature, we show a gray-scale plot of the second 
derivatives of EDC's in Fig. and e. The lower Hub- 
bard band observed for x = at ~ -(0.4-0.6) eV remains 
almost at the same binding energy with hole doping. In- 
stead, there appear a sharp peak feature crossing Ep in 
the nodal direction, and a broad feature around (tt, 0) 
at ~ -0.2 eV corresponding to the "flat band" as in the 
previous report 0- Because of the ~ 0.2 eV gap, the 
electronic states around (tt, 0) would not contribute to 
the metallic transport in the normal state, and only the 
states around the nodal direction would contribute to 
it. It is rather striking to observe such a sharp peak 
crossing Ep for hole doping as small as 3%, which is 




FIG. 2: a) Spectral weight at Ef for £=0.03 plotted in the mo- 
mentum space, b) Spectral intensity in the energy-momentum 
(.B-k) space along the nodal cut with the peak position of 
MDC's for a;=0.03. c) Intensity profile along the "arc" /Fermi 
surface as a function of Fermi angle a (defined in panel a) 
for various doping levels. The spectral intensities have been 
normalized at a = 45° . d) Spectral intensity in the i?-k space 
along the "arc" for cc=0.03. The plots in panels (a), (c) and 
(d) have been symmetrized with respect to a — 45° . 



near the boundary between the "insulating" AFI phase 
(0 < x < 0.02) and the "insulating" spin-glass phase 
(0.02 < x < 0.06). 

In Fig. we have plotted the distribution of spec- 
tral weight at -Ef in the k-space (therefore the energy 
integration window Ep±l0 meV begin set by the energy 
resolution) for x= 0.03. This plot is obtained from the 
spectra in the second BZ and symmetrized with respect 
to the (0,0)-(-7r, 7i") line. The color image was produced 
by interpolating the spectral intensity of the several mo- 
mentum lines in two-dimensional momentum space. Ow- 
ing to the (pseudo)gap around (7r, 0), only the nodal re- 
gion remains strong in the Ep intensity map. Figure |2Ji 
indeed indicates that Ep crossing occurs only near the 
nodal direction, forming an "arc" of Fermi surface seen 
in Fig. [2K- The red dots in Fig. [2t are peak position of 
the momentum distribution curve (MDC) at Ef which 
represent minimum gap locus in the k-space. The white 
broken line is determined by fitting a tight-binding Fermi 
surface to the red dots. 

In Fig. the intensity profile along the "arc" is 
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FIG. 3: ARPES spectra at k = Icf in the nodal direction in 
the second BZ and those at (n, 0) for various doping levels. 




(Takagi et al.) 
n PES spectral weight 
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FIG. 4: Doping dependence of the nodal QP spectral weight, 
Zkqp, and the spectral weight integrated at Ef over the en- 
tire second Brillouin zone, wpes- They show similar doping 
dependence to the hole concentration evaluated from Hall co- 
efficient (n Ha ii) 0- 



plotted as a function of Fermi angle a (normalized to 
the nodal direction a — 45°). Each point for x=0.03 
corresponds to a red dot in Fig. [2^ and the same proce- 
dure using MDC is applied to obtain the plots for other 
compositions. This figure shows how the intensity pro- 
file along the "arc" changes with doping. These profiles 
indicate that, although for x > 0.1 some spectral weight 
appears in the (n,0) region (a ~ 0° and 90°), the length 
of the "arc" does not increase significantly with doping 
up to x = 0.15. In the overdoped samples (x > 0.15), 
the flat band at ~ (tt, 0) crosses Ep Q and therefore the 
intensity in this region increases. A similar "arc" feature 
has been observed in a previous work in the normal state 
of underdoped Bi 2 Sr 2 CaCu 2 8 [Bi2212) 1.2], and pos- 
tulated from phenomenological [13( and theoretical t-J 
model perspective We emphasize the difference be- 
tween our observation and the previous work: Here, the 
intensity of the "arc" changes as a function of doping at a 
fixed low temperature whereas in the previous work [l3j ] 
the length of the "arc" changes as a function of temper- 
ature associated with the opening of a normal-state gap 
above T c . 

Figure [3] shows the evolution of spectra at k ~ 
(ir/2, 7r/2) and (ir, 0) with hole doping. The spectra have 
been normalized to the intensity above E-p which arises 
from the high order light of the monochromator. At 
~ (tt/2, 7r/2), a finite spectral weight exists at E-p ex- 
cept for x — 0, and increases with x without an abrupt 
change across the "insulator" -superconductor transition 
boundary at x ~ 0.06. In contrast, the (tt, 0) spectra 
show (pseudo)gapped behaviors in the underdoped and 
lightly-doped regions. We stress that the "arc" is formed 
by the "in-gap" states of the two component electronic 
structure as shown in Fig. Q 

It has been demonstrated from comparison between 
LSCO and Nd-LSCO that the nodal QP is weakened by 
stripes whereas the flat-band region remains relatively 
unchanged E| ■ While it remains true that the nodal 



weight in LSCO is significantly suppressed when com- 
pared with that of Bi2212 taken under the same condi- 
tion, it was later found that the nodal spectral weight can 
be enhanced in the second BZ 00, indicating that ma- 
trix element also played a role. Focusing only on the 
nodal behavior, we have used the spectra in the sec- 
ond BZ for this analysis. We emphasize here that, in 
the underdoped region, states closest to Ep occur along 
the nodal direction, as seen from Fig. 3, whereas the 
(tt,0) region is (pseudo)gapped. In the previous results 
for £=0.10-0.15, since the gap size was small (less than 
lOmeV), and the energy integration window was rela- 
tively large (30meV), the spectral weight map included 
both the nodal states and straight segment from the flat 
band around (7r,0) which is considered to be related to 
stripes • On the other hand, for the lightly-doped sam- 
ples presented here, the Fermi arc is clearly observed be- 
cause the (7r,0) region is strongly gapped and the spectral 
weight plots have been obtained exactly at Ep. 

In order to see more quantitatively how the spectral 
weight at Ep evolves with hole doping, we have plotted 
in Fig. Has a function of x the nodal QP weight Znqp 
defined by the peak intensity of EDC in Fig. [3]} and the 
spectral weight at Ep integrated over the second BZ (ef- 
fectively over the arc region), npEs = / -^(k, 0)dk. Here, 
A(k, uj) is the ARPES intensity normalized as described 
above. Both Znqp and tipes monotonically increase with 
x in a nearly identical fashion. Such a behavior is consis- 
tent with a recent optical study of lightly-doped LSCO, 
which has shown that the Drude weight is finite already 
in x = 0.03 and smoothly increases with x in the under- 
doped region [l^. Znqp and npps, hi the underdoped 
regime, if properly scaled, increase in a remarkably simi- 
lar way to the hole concentration riHaii derived from Hall 
coefficients through Rh — 1/nnaiie. We therefore tenta- 
tively attribute the n ~ x behavior to the evolution of 
ARPES spectral weight at Ep: n ~ tipes ~ -^nqp- 
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Now we discuss the normal-state transport based on 
the present ARPES data for x=0.03. From the width Ak 
of the momentum distribution curve (MDC) at Ep, the 
mean free path is obtained as Ipps ~ 1/Afc ~ 16 A. One 
can also obtain the Fermi velocity vf ~ 1.5 eVA from the 
energy dispersion. This yields the electron effective mass 
to* = hk-p/vF, where the Fermi wave number kp ~ 0.62 
A -1 is measured from (tt, tt), and the mean scattering 
time of t = ?pes/ u f ~ 1/vpAk ~ 7 fs. This r value 
should be taken as the lower bound for the intrinsic value 
because any extrinsic contributions of unknown origin to 
the width Ak lead to an underestimate of r. Combining 
this with resistivity p — m* /ne 2 T = 4.4 mI7cm at ~ 20 K 
0, the upper bound for n = to* /e 2 pr is given by ~ 0.04 
per Cu. This is consistent with n ~ x — 0.03 and hence 
with the conjecture that n ~ ti-pes ~ -Znqp ~ x. On 
the other hand, n ~ 1 — x leads to one to two orders 
of magnitude overestimate. If we apply a conventional 
Drude formula of 2D metal to the experimental value of 
p in the lightly doped region, the large p value yields 
kpl <C 1, which indicates the apparent breakdown of the 
conventional metallic transport Note that I in 2D 
Drude formula is an average value over the Fermi surface 
while /pes is a local quantity in the momentum space 
around node. The present study have shown that the 
unconventional kpl <C 1 behavior can be reconciled with 
the metallic transport when only a fraction of carriers 
n ~ npEs ~ -Znqp contribute to the transport. 

Here, it should be mentioned that the resistivity in fact 
shows an upturn below ~ 100 K, indicating carrier local- 
ization. One possibility is that the localization is caused 
by the opening of a small gap in the nodal direction. If we 
assume that p oc exp(A/fcsT)with a thermal excitation 
gap A, one can crudely estimate A ~ 1 — 2meV from the 
temperature dependence of p in x=0.03 sample, which is 
too small to observe with the present energy resolution. 
In fact, the divergence of p at low temperatures does not 
obey thermal activation type but is better described by 
weak localization due to disorder. The pseudogap behav- 
ior (of ~100 cm -1 ) in the optical spectra |l6j would be 
considered as a signature of such localization. 

Finally, we comment on the implication of the present 
results for charge inhomogeneity picture. We have shown 
that the nodal spectral weight is proportional to x. This 
observation is consistent with a recent theoretical work of 
the resonant valence bond (RVB) picture 0] as well as 
an inhomogeneous picture like charge stripes. As for the 
nodal state and underlying Fermi surface around (tt, 0), a 
recent theoretical work have shown that a metallic nodal 
state may appear even in an almost static stripe phase 
with a slightly irregular inter-stripe distances yjj . Those 
effects may also account for why the nodal spectra do 
not show abrupt change from diagonal (x < 0.06) to (dy- 
namic) vertical stripe (x > 0.06). Spectroscopic feature 
of ID in the deeply underdoped regime are probably too 
subtle to be reflected in our experiment (using twinned 



samples) since only weak anisotropy is seen in transport 
[l^ | and optical experiments. A better understand- 
ing of fluctuations and disorder of stripes probed at dif- 
ferent energy scale are required for reconciling the charge 
inhomogeneity and a band-like picture. 

In conclusion, we have revealed the origin of the metal- 
lic behavior of lightly-doped LSCO through the observa- 
tion of a sharp dispersive QP peak crossing Ep in the 
nodal direction, leading to the formation of an "arc" of 
Fermi surface. The spectral weight of the "arc" increases 
with hole doping, which we propose to be related to 
the carrier number n ~ x in the lightly-doped and un- 
derdoped regions and the origin of the unconventional 
transport with kpl <C 1. The present results combined 
with the transport data reveal the novel metallic state 
which provides a new scenario of how the the Mott in- 
sulator evolves into a d-wave superconductor upon hole 
doping. 

We are grateful to Y. Ando, D. N. Basov and N. Na- 
gaosa for valuable discussions. T. Y. acknowledges the 
Japan Society for Promotion Science for their support. 
This work was supported by a Grant-in-Aid for Scien- 
tific Research "Novel Quantum Phenomena in Transition 
Metal Oxides" and a Special Coordination Fund for the 
Promotion of Science and Technology from the ministry 
of Education, Science, Culture, Sports and Technology, 
the New Energy and Industrial Technology Development 
Organization (NEDO) and a US- Japan Joint Research 
Project from the Japan Society for the Promotion of Sci- 
ence. ALS is operated by the DOE's Office of BES, 
Division of Materials Science, with contract DE-FG03- 
01ER45929-A001. 



[1] S. Wakimoto et al. Phys. Rev. B 61, 3699 (2000). 

[2] Y. Ando et al, Phys. Rev. Lett. 87, 017001 (2001). 

[3] A. Ino et al, Phys. Rev. B 62, 4137 (2000). 

[4] A. Ino et al., Phys. Rev. Lett. 79, 2101 (1997). 

[5] H. Takagi et al, Phys. Rev. B 40, 2254 (1989). 

[6] S. Uchida et al, Phys. Rev. B 43, 7942 (1991). 

[7] X.-J. Zhou et al, Phys. Rev. Lett. 86, 5578 (2001). 

[8] T. Yoshida et al., Phys. Rev. B 63, 220501 (2001). 

[9] F. Ronning et al, Science 282, 2067 (1998). 
[10] X. Y. Zhang, M. J. Rozenberg, and G. Kotliar, Phys. 

Rev. Lett. 70, 1666 (1993). 
[11] C. Niedermayer et al, Phys. Rev. Lett. 80, 3843 (1998). 
[12] D. S. Marshall et al, Phys. Rev. Lett. 76, 4841 (1996). 
[13] M. R. Norman et al, Nature 392, 157 (1998). 
[14] X.-G. Wen and P. A. Lee, Phys. Rev. Lett. 76, 503 
(1996). 

[15] X.-J. Zhou et al, Science 286, 268 (1999). 
[16] M. Dumm, D. N. Basov, S. Komiya and Y. Ando, un- 
published. 

[17] A. Paramekanti, M. Randeria, and N. Trivedi, Phys. Rev. 

Lett. 87, 217002 (2001). 
[18] M. V. Granath et al., Phys. Rev. B 65, 184501 (2002). 
[19] Y. Ando et al, Phys. Rev. Lett. 88, 137005 (2002) 



